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Change of physical stateAbstract Green mechanosynthesis, free solvent, has been used for preparing a series of
supramolecular complexes. Through directional hydrogen bonds and p-cation interaction can be
prepared complexes with different states of aggregation of matter, where stoichiometry plays an
essential role. When the stoichiometric ratio between the two compounds was 1:1, a solid product
is obtained. But, when the ratio is higher, products are obtained as gel or paste to reach low viscos-
ity liquids. Also, the structure of such complexes that form three-dimensional aggregates between
C12TAC and phenol derivatives can explain the different aggregation states for final products
and this may be the key to understand the viscosity reduction mechanism.
 2016 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
For years the international community of chemists has studied the
reactivity of matter as an option to design and synthesize new chemi-
cals in order to apply them in various fields of interest that may have
significant economic impact, in both health and chemical industries
(Desiraju, 2001). However, the development and growth of
supramolecular chemistry, have led to major advances in assembling
and molecular recognition without involving rupture and formation
of new chemical bonds (Ariga and Kunitake, 2006).f Chem-
Figure 1 Different molar ratios C12TAC:phenol were used to reduce the viscosity or melt the solid system.
2 R. Cero´n-Camacho et al.The supramolecular chemistry term is referred to the chemistry
beyond the molecule. In other words, it is the study of chemical species
held together by intermolecular forces as the result of not only by addi-
tive interactions but also by cooperative ones, which include hydrogen
bonds, hydrophobic interactions, ion-dipole pairs, van der Walls
forces, and coordinate bonds (Phlip, 1996).
The properties of the assembled complexes by supramolecular
chemistry are known to be different to the sum of individual properties
of each component and held together in unique structural relationships
by electrostatic forces other than those of covalent bonds. Usually,
these interactions are by hydrogen bonding, by ion paring, by p-acid
to p-base interactions, by metal to ligand binding, by Van der Waals
attractive forces and by solvent reorganizing (Cram, 1988). Some of
those complexes occur in conventional synthetic methods, such as
heating, stirring under a solvent, among others (Desiraju, 2001). How-
ever, the mechanochemical reactions in solvent free conditions are
highly friendly to environment due to a low energy consumption,
reducing reaction time, amount of reagents, and avoiding solvent
wastes (James et al., 2012; Stolle et al., 2011).
According to IUPAC a mechanochemical reaction is defined as ‘‘a
chemical reaction that is induced by the direct absorption of mechan-
ical energy” (Nic et al., 1997). In supramolecular chemistry this ‘‘reac-
tion” or ‘‘molecular assembling” occurs by mechanical conditions.
Thereby, it can be successfully prepared a wide variety of supramole-
cules using mechanosynthesis to direct the assembling of sophisticated
supramolecular structures with unimaginable applications is crystal
field, catalysis, supramolecular templates and others (Beldon et al.,
2010; Braga et al., 2006; Frisˇcˇic´, 2012; Gawande et al., 2014;
Herna´ndez et al., 2012).
Also it is important to mention that this mode of synthesis is rela-
tively slow and using a mortar-pestle technique. But using molecular
modeling we can predict the assembling between molecules to elucidate
the energy of interaction, i.e. existing research groups have begun to
perform it before experimental executions (Jian et al., 2013; Sedghi
et al., 2013). When the energy of interaction is lower than zero (ther-
modynamically favorable), the synthesis in the laboratory is favorable.
In this case, it is directed and oriented to specific chemical groups that
can interact successfully to form a supramolecular complex.
Since 1990s have been inspired the design of new supramolecular
compounds through the assembly of receptors, where the role of OH
and CH groups was to produce hydrogen bond interactions to bind
cations and anions to aromatic systems via p-cation and/or anion-
hydrogen bond (Lehn, 1988; Watt et al., 2013). However, when the
synthesis is mechanical, solvent free and reproducible have high impact
and it is friendly with the environment.
We have prepared a series of supramolecular compounds where the
stoichiometry plays an important role in the aggregation state of the
product. This could be a key to understand the behavior of more com-
plicated systems present in the industry and reaction mechanisms, i.e.
aggregation of asphaltenes in crude oils (Jian et al., 2013; Pons-
Jime´nez et al., 2015; Sedghi et al., 2013). In this paper we discuss thePlease cite this article in press as: Cero´n-Camacho, R. et al., Solid and liquid supram
istry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.008mechanosynthesis of ion-dipole pairs formed by hydrogen bonds, p-
cation and hydrophobic interactions with a cationic surfactant. There-
fore our experiments were carried using phenol, p-cresol, 4-ethyl phe-
nol and 1-naphthol as a source of p-p interactions and hydrogen
bonds. Also we used only dodecyltrimethylammonium chloride
(C12TAC) as an ion source. The related ammonium surfactant salts
are used for the oil disaggregation as well as the subsequent oil viscos-
ity reduction, but the C12TAC is a good point for understanding the
molecular assembly (Pons-Jime´nez et al., 2014). These chemicals help
us to have a simple model for comprehensive supramolecular study
in the reduction in viscosity of solid products.
From the thermodynamic point of view, the viscosity reduction
phenomenon between solid-solid mechanical mixtures has been stud-
ied, i.e., when are in contact ice and salt (NaCl) occurs melting of both
solids to obtain a liquid, and this behavior has been explained by the
colligative freezing points depression or other thermodynamic param-
eters (Khvorostyanov and Curry, 2004; Kim and Yethiraj, 2008).
However, a fundamental chemical explication is rare in the specialized
literature. Here, we explain the change of aggregation state of matter
from solid to liquid is directed by the formation of chemical assem-
blies, where the driving force of this process is the result of additive
and cooperative supramolecular interactions.
It is well known, that exist changes in the aggregation state when
occurs a chemical reaction. However, when an assembly occurs by
supramolecular interactions it is not easy get a change in the aggrega-
tion state. In this study we prepared a series of supramolecular com-
plexes where the aggregation state depends on stoichiometric ratio.
2. Experimental
2.1. Materials and methods
C12TACl, phenol, p-cresol, 4-ethyl-phenol, and 1-naphthol
ACS-reagent grade chemicals were purchased from Aldrich
Chemical, and were used as they were received. All NMR spec-
tra 1H, 13C, HETCOR, COSY, and NOESY were recorded on
a Bruker Advance III 300 spectrometer in CDCl3. Chemical
shifts (d) are in ppm and referenced to TMS peak. Coupling
constants (J) are in Hz. IR Spectra were recorded on a
Bruker-Tensor 27 FT-IR using ATR mode. The viscosity
behavior measurements were obtained with an Anton Paar
Physica MCR-301 rheometer using a 50 mm PP50 plane mea-
suring plate at 25 C.
2.2. Molecular modeling
In order to complement the spectroscopic data, we have per-
formed molecular modeling, for C12TAC, phenol derivatives,olecular complexes by solid-solid mechanosynthesis. Arabian Journal of Chem-
Figure 2 (A) 13C NMR spectra and (B) 1H NMR spectra of different molar ratios of C12TAC:phenol. In both cases are observed shifted
signals as a consequence of the supramolecular interactions.
Solid and liquid supramolecular complexes 31-naphthol and supramolecular complexes, and for the interac-
tion between them in a vacuum environment. The TmoleX
V4.0 software was used to build all molecular structures and
to obtain their optimized geometries at the minimum of the
potential energy. In particular, the quantum mechanicalPlease cite this article in press as: Cero´n-Camacho, R. et al., Solid and liquid supram
istry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.008DFT Turbomole program runs used the resolution-of-the-
identity approximation, and valence polarized triple-zeta
atomic basis (def-TZVP) (Eichkorn et al., 1997), and consider-
ing the Perdew-Berke-Ernzerhof (PBE) functional (Perdew
et al., 1996).olecular complexes by solid-solid mechanosynthesis. Arabian Journal of Chem-
Figure 3 2D-NOESY spectra of supramolecular complex 1a. It’s observed interactions between aromatic protons and methyl groups of
ammonium part of C12TAC.
Scheme 1 General synthesis of supramolecular complexes discussed in this work. Structures were elucidated by NMR and IR
spectroscopies.
4 R. Cero´n-Camacho et al.
Please cite this article in press as: Cero´n-Camacho, R. et al., Solid and liquid supramolecular complexes by solid-solid mechanosynthesis. Arabian Journal of Chem-
istry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.008
Solid and liquid supramolecular complexes 52.3. General procedure for synthesis of supramolecular
complexes
2.3.1. Complexes (1-4a) 1:1 ratio
C12TAC (10 mmol) and the corresponding stoichiometric
amount of aromatic compound:phenol, p-cresol, 4-ethyl-
phenol, or 1-naphthol (10 mmol), were manually mixed using
a mortar-pestle technique at room temperature by around
ten minutes. The final products are obtained as a solid, and
other purification process is not needed.
2.3.2. Complexes (1-4b) 1:2 ratio
C12TAC (10 mmol) and the corresponding stoichiometric
amount of aromatic compound:phenol, p-cresol, 4-ethyl-
phenol, or 1-naphthol (20 mmol), were manually mixed using
a mortar-pestle technique at room temperature by around
5 minutes. The final products are obtained as a gum, and
purification is not needed.
2.3.3. Complexes (1-4c) 1:3 ratio
C12TAC (10 mmol) and the corresponding stoichiometric
amount of aromatic compound:phenol, p-cresol, 4-ethyl-
phenol, or 1-naphthol (30 mmol), were manually mixed using
a mortar-pestle technique at room temperature by around
5 minutes. The final products are obtained as a paste and a
purification process is not necessary.
2.3.4. Complexes (1-4d) 1:4 ratio
C12TAC ( 10 mmol) and the corresponding stoichiometric
amount of aromatic compound:phenol, p-cresol, 4-ethyl-
phenol, or 1-naphthol (40 mmol), were manually mixed using
a mortar-pestle technique at room temperature by around
5 minutes. The final products are obtained pure as a liquids.
2.3.5. C12TAC: phenol, (1a)
1H NMR: 7.13(t, 3J= 7.1 Hz, 2H m-protons), 6.99(d,
3J= 6.99 Hz, 2H, o-protons), 6.77(t, 3J= 6.78 Hz, 1H, p-
proton), 6.34(s, OH), 3.36–3.24(m, 2H, –CH2N
+Me3), 3.20
(s, 9H, R-N+Me3), 1.55(m, 2H, –CH2–CH2N
+Me3), 1.29–
1.17(m, 18H, alkyl chain), 0.88(t, 3J= 6.9 Hz, 3H, R-Me).
13C NMR: 157.24 (C–OH, Cipso), 129.43(Cmeta), 119.40
(Cpara), 115.73 (Corto), 66.78 (RCH2N
+Me3), 53.21 (R-
N+(CH3)3), 31.92, 29.62, 29.52, 29.42, 29.36, 29.24, 26.13
(alkyl chain), 23.11 (RCH2CH2N
+Me3), 22.70 (CH2 alkyl
chain), 14.16 (R-Meterminal). IR, ATR (cm
1): 3356(mN–C),
3134(mO–H), 2953, 2919(masymm CH), 2850(msymm CH), 1944–
1726 (aromatic ring), 1589(dOH), 1470(dCH2), 1387(dMe), 1268
(dCH2), 1239 (mC–N), 907, 760, 696(daromatic ring).
2.3.6. C12TAC: 2phenol, (2a)
1H NMR: 7.14(td, 3J= 6.9 Hz, 4J= 2.0 Hz 4H, m-protons),
6.97(dd, 3J= 8.6 Hz, 4J= 1.1 Hz 4H, o-protons), 6.79(td,
3J= 7.3 Hz, 4J= 1.1 Hz 2H, p-proton), 6.50(s, OH), 3.31–
3.07(m, 2H, RCH2N
+Me3), 3.04(s, 9H, RN
+Me3), 1.49–1.42
(m, 2H, RCH2–CH2N
+Me3), 1.26–1.14(m, 18H, alkyl chain),
0.89(t, 3J= 6.7 Hz, 3H, R-Meterminal).
13C NMR: 156.88
(Cipso), 129.50(Cmeta), 119.67 (Cpara), 115.68 (Corto), 66.88
(RCH2N
+Me3), 53.20 (RN
+(CH3)3), 31.93, 29.63, 29.50,Please cite this article in press as: Cero´n-Camacho, R. et al., Solid and liquid supram
istry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.00829.40, 29.37, 29.17, 26.04 (alkyl chain), 23.02 (RCH2CH2N
+-
Me3), 22.72 (CH2 alkyl chain), 14.17 (R-Meterminal). IR, ATR
(cm1): 3140(mO–H), 2953, 2923(masymm CH), 2852(msymm CH),
1930–1726(aromatic ring), 1592(dOH), 1470(dCH2), 1364(dMe),
1264(dCH2), 1227 (mC–N), 754, 694(daromatic ring).
2.3.7. C12TAC: 3phenol, (3a)
1H NMR: 7.14(tt, 3J= 7.5 Hz, 4J= 2.2 Hz 6H, m-protons),
6.95(dd, 3J= 7.7 Hz, 4J= 1.0 Hz 6H, o-protons), 6.81(tt,
3J= 7.3 Hz, 4J= 1.1 Hz 3H, p-proton), 6.65(s, OH), 3.04–
2.99(m, 2H, RCH2N
+Me3), 2.94(s, 9H, RN
+Me3), 1.45–1.35
(m, 2H, RCH2–CH2N
+Me3), 1.26–1.14(m, 18H, alkyl chain),
0.89(t, 3J= 6.7 Hz, 3H, R-Meteriminal).
13C NMR: 156.61
(Cipso), 129.54 (Cmeta), 119.88 (Cpara), 115.64 (Corto), 66.94
(RCH2N
+Me3), 53.19 (RN
+(CH3)3), 31.93, 29.62, 29.48,
29.37, 29.13, 25.99, (alkyl chain), 22.98 (RCH2CH2N
+Me3),
22.71 (CH2 alkyl chain), 14.16 (R-Meterminal). IR, ATR
(cm1): 3176(mO–H), 2924(masymm CH), 2853(msymm CH), 1930–
1715(aromatic ring), 1592(dOH), 1470(dCH2), 1362(dMe), 1262
(dCH2), 1224 (mC–N), 813, 753, 693(daromatic ring).
2.3.8. C12TAC: 4phenol, (4a)
1H NMR: 7.14(td, 3J= 6.9 Hz, 3J= 2.1 Hz 8H, m-protons),
6.94(dd, 3J= 8.6 Hz, 4J= 1.1 Hz 8H, o-protons), 6.90(s,
OH), 6.82(t, 3J= 7.3 Hz, 4H, p-proton), 2.95–2.88(m, 2H, –
CH2N
+Me3), 2.83(s, 9H, –N
+Me3), 1.39–1–04(m, 20H, alkyl
chain), 0.89(t, 3J= 6.8 Hz, 3H, -Me). 13C NMR: 156.39
(C–OH, Cipso), 129.57 (Cmeta), 120.03 (Cpara), 115.61 (Corto),
66.97 (RCH2N
+Me3), 53.14 (RN
+Me3), 31.93, 29.62, 29.47,
29.36, 29.10, 25.95 (alkyl chain), 22.94 (RCH2CH2N
+Me3),
22.71 (CH2 alkyl chain), 14.16 (R-Meterminal). IR, ATR
(cm1): 3190(mO–H), 2924(masymm CH), 2853(msymm CH),
1932–1715(aromatic ring), 1593(dOH), 1470(dCH2), 1361(dMe),
1261(dCH2), 1222 (mC–N), 753, 692(daromatic ring).
2.3.9. C12TAC: (p-cresol), (1b)
1H NMR: 7.75(s,1H, OH), 6.97–6.89(m, 4H, aromatic ring),
3.39–3.33(m, 2H, RCH2N
+Me3), 3.26(s, 9H, RN
+Me3), 2.23
(s, 3H, Me-PhOH), 1.59(s, 2H, RCH2–CH2N+Me3),
1.35–1.23(m, 18H, alkyl chain), 0.90(t, 3J= 6.7 Hz, 3H, termi-




29.61, 29.50, 29.41, 29.34, 29.24, 26.11 (alkyl chain), 23.13
(–CH2CH2N
+Me3), 22.68(CH2 alkyl chain), 20.46
(Me-PhOH), 14.13(R-Me terminal). IR, ATR (cm1): 3391,
3272(mN+R4), 3078(mO–H), 3012, 2953, 2920(masymm CH), 2852
(msymm CH), 1612–1595(aromatic ring p-substitution), 1513
(dOH), 1483, 1468(dCH2), 1361(dMe), 1261(dCH2), 1240(mC–N),
1226, 1212, 912, 821(daromatic ring), 739.
2.3.10. C12TAC: 2(p-cresol), (2b)
1H NMR: 7.03(s, OH), 6.94(d, 4H, 3J= 8.2 Hz, o-protons),
6.88–6.84(m, 4H m-protons), 3.20–3.14(m, 2H, –CH2N
+Me3),
3.10(s, 9H, –N+Me3), 2.21(s, 6H, Me-PhOH), 1.49–1.45(m,
2H, –CH2CH2N
+Me3), 1.31–1.16(m, 18H, alkyl chain), 0.89
(t, 3J= 6.7 Hz, 3H, R-Me). 13C NMR: 154.58(Cipso), 129.88
(Cmeta), 128.56(Cpara), 115.43(Corto), 66.86(RCH2N
+Me3),
53.23(RN+Me3), 31.94, 29.65, 29.54, 29.45, 29.38, 29.25,olecular complexes by solid-solid mechanosynthesis. Arabian Journal of Chem-
Figure 4 2D-NOESY spectra of supramolecular complex 2d. It’s observed Van der Waals and hydrophobic interactions between
terminal methyl group and alkyl chain of C12TAC.
Table 1 Energy of the ground state for raw materials, supramolecular assemblies and the interaction energy between phenol
derivatives and 1-naphthol with the C12TAC surfactant, as well as representative distances before and after the formation of the
supramolecular complex.
Chemicals Eraw Eassemblies DE Distance O–H  Cl  N
(kcal/mol) (A˚)
Phenol 192,643.84 886,831.14 168.53 1.10; 1.73; 4.13
p-cresol 217,295.84 911,481.87 167.27 1.09; 1.75; 4.06
4-ethylphenol 241,939.16 936,126.10 168.16 1.08; 1.76; 4.04
1-naphthol 288,932.29 983,170.60 219.54 1.07; 1.79; 4.02
C12TAC 694,018.77 ———; ———; 3.63
Raw material 0.98; ———; ——–
6 R. Cero´n-Camacho et al.26.08 (alkyl chain), 23.09(RCH2CH2N
+Me3), 22.71(CH2 alkyl
chain), 20.47(Me-PhOH), 14.16(RMe terminal). IR, ATR
(cm1): 3180(mN+R4), 3014(mO–H), 2923(masymm CH), 2854
(msymm CH), 1613–1594(aromatic ring p-substitution), 1513
(dOH), 1465(dCH2), 1358(dMe), 1261(dCH2), 1222, 1171, 912,
819(daromatic ring), 742.
2.3.11. C12TAC: 3(p-cresol), (3b)
1H NMR: 6.94(d, 6H, 3J= 8.1 Hz, o-protons), 6.86–6.82(m,
6H, m-protons), 6.57(s, OH), 3.07–3.01(m, 2H, RCH2N
+Me3),
3.00(s, 9H, RN+Me3), 2.21(s, 9H, Me-PhOH), 1.43–1.38(m,
2H, RCH2CH2N
+Me3), 1.31–1.06(m, 18H, alkyl chain), 0.89
(t, 3J= 6.7 Hz, 3H, RMe). 13C NMR: 154.24(Cipso), 129.92Please cite this article in press as: Cero´n-Camacho, R. et al., Solid and liquid supram
istry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.008(Cmeta), 128.82(Cpara), 115.36(Corto), 66.89(RCH2N
+Me3),
53.19(RN+Me3), 31.92, 29.64, 29.52, 29.43, 29.36, 29.20,
26.03 (alkyl chain), 23.01(RCH2CH2N
+Me3), 22.70(CH2 alkyl
chain), 20.44(Me-PhOH), 14.14(RMe terminal). IR,
ATR (cm1): 3263(mN+R4), 3076(mO–H), 3012, 2954, 2920
(masymm CH), 2852(msymm CH), 1612–1594(aromatic ring
p-substitution), 1513(dOH), 1483, 1467(dCH2), 1361(dMe), 1261
(dCH2), 1225, 912, 821(daromatic ring), 738.
2.3.12. C12TAC: 4(p-cresol), (4b)
1H NMR: 6.94(d, 8H, 3J= 8.1 Hz, o-protons), 6.84–6.80(m,
8H,m-protons), 6.64(s, OH), 3.01–2.95 (m, 2H, RCH2N
+Me3),
2.93(s, 9H, RN+Me3), 2.22(s, 12H, MePhOH), 1.38–1.31(m,olecular complexes by solid-solid mechanosynthesis. Arabian Journal of Chem-
Figure 5 Optimized geometries for molecular models of raw materials and 1:1 complexes. Atom color stands for the following: green,
carbon; white, hydrogen; red, oxygen; blue, nitrogen; and yellow, chloride.
Table 2 Relevant properties of the complexes derived from supramolecular assemblies between phenol derivatives and 1-naphthol
with C12TAC surfactant.
Complex Yield (%) Color Physical state at 25 C Viscosity at 25 C (mPa s)
1a >99 White Solid –
2a >99 Light yellow Paste –
3a >99 Light yellow Liquid 71.9
4a >99 Light yellow Liquid 44.2
1b >99 White Solid –
2b >99 Pale brown Paste –
3b >99 Light yellow Gum 96.7
4b >99 Yellow Liquid 60.8
1c >99 White Solid –
2c >99 Pale brown Paste –
3c >99 Yellow Gum 90.0
4c >99 Yellow Liquid 68.9
1d >99 Light brown Solid –
2d >99 Brown Solid –
3d >99 Dark brown Gum 263680.9
4d >99 Dark brown Liquid 416.3
Solid and liquid supramolecular complexes 7
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+Me3), 1.26–1.04(m, 18H, alkyl chain), 0.89
(t, 3J= 6.7 Hz, 3H, RMe). 13C NMR: 154.03(Cipso), 129.94
(Cmeta), 129.01(Cpara), 115.33(Corto), 66.92(RCH2N
+Me3),
53.18(RN+Me3), 31.92, 29.64, 29.52, 29.43, 29.36, 29.19,
26.00 (alkyl chain), 22.98(RCH2CH2N
+Me3), 22.70(CH2 alkyl
chain), 20.44(MePhOH), 14.14(RMe terminal). IR,
ATR (cm1): 3194(mN+R4), 3087(mO–H), 3013, 2953, 2922
(masymm CH), 2853(msymm CH), 1613–1597(aromatic ring
p-substitution), 1513(dOH), 1467(dCH2), 1359(dMe), 1261
(dCH2), 1224, 1212, 1171, 1104, 967, 909, 820(daromatic ring), 740.
2.3.13. C12TAC: (4-ethyl-phenol), (1c)
1H NMR: 7.45(s,1H, OH), 6.97(d, 2H, 3J= 8.7 Hz, aromatic
ring), 6.91(d, 2H, 3J= 8.7 Hz, aromatic ring), 3.37–3.32(m,
2H, RCH2N
+Me3), 3.25(s, 9H, RN
+Me3), 2.52(q, 2H,
3J= 7.6 Hz, OHPhCH2CH3), 1.58(s, 2H, RCH2CH2N
+Me3),
1.31–1.20(m, 18H, alkyl chain), 1.16(t, 3H, 3J= 7.6 Hz,
OHPhCH2CH3), 0.88(t,
3J= 6.7 Hz, 3H, terminal Me). 13C




29.61, 29.50, 29.40, 29.34, 29.23, 27.95(alkyl) 26.11 (MeCH2-
PhOH), 23.13(RCH2CH2N
+Me3), 22.69(alkyl chain), 16.01
(MeCH2PhOH), 14.14(Me terminal). IR, ATR (cm
1): 3257
(mN+R4), 3075(mO–H), 3011, 2959, 2921(masymm CH), 2871,
2852(msymm CH), 1612–1591(aromatic ring p-substitution),
1513(doH), 1483, 1467(dCH2), 1452, 1380(dMe), 1262(dCH2),
1244, 1224, 1173, 913, 827(daromatic ring), 731.
2.3.14. C12TAC: 2(4-ethyl-phenol), (2c)
1H NMR: 7.27(s, OH), 6.96(d, 4H, 3J= 8.7 Hz, o-protons),
6.89(d, 4H, 3J= 8.6 Hz, m-protons), 3.23–3.17(m, 2H, RCH2-
N+Me3), 3.12(s, 9H, RN
+Me3), 2.52(q, 4H,
3J= 7.6 Hz,
OHPhCH2CH3), 1.55–1.50(m, 2H, RCH2CH2N
+Me3), 1.25–
1.13(m, 24H, alkyl chain), 0.88(t, 3J= 6.7 Hz, 3H, Me termi-




31.92, 29.63, 29.51, 29.41, 29.36, 29.21, 27.95(alkyl) 26.06
(MeCH2PhOH), 23.07(RCH2CH2N
+Me3), 22.70(alkyl chain),
16.00(MeCH2PhOH), 14.14(Me alkyl chain). IR, ATR (cm
1):
3256(mN+R4), 3073(mO–H), 3012, 2959, 2921(masymm CH), 2870,
2852(msymm CH), 1612–1592(aromatic ring p-substitution),
1513(dOH), 1482, 1467(dCH2), 1451, 1417, 1360(dMe), 1261
(dCH2), 1245, 1224, 1172, 913, 827(daromatic ring), 731.
2.3.15. C12TAC: 3(4-ethyl-phenol), (3c)
1H NMR: 6.97(d, 6H, 3J= 8.6 Hz, o-protons), 6.85(d, 6H,
3J= 8.6 Hz, m-protons), 6.19(s, OH), 3.08–3.04(m, 2H,
RCH2N
+Me3), 3.01(s, 9H, RN
+Me3), 2.52(q, 6H,
3J= 7.6 Hz, OHPhCH2CH3), 1.47–1.36(m, 2H, RCH2CH2-
N+Me3), 1.31–1.09(m, 27H, alkyl), 0.88(t,
3J= 6.8 Hz, 3H,




31.92, 29.64, 29.52, 29.42, 29.37, 29.19, 27.75(alkyl) 26.03
(MeCH2-PhOH), 23.00(RCH2CH2N
+Me3), 22.70(CH2 alkyl
chain), 15.97(MeCH2PhOH), 14.14(Me terminal). IR, ATR
(cm1): 3199(mO–H), 3016, 2961, 2924(masymm CH), 2854(msymm
CH), 1613–1593(aromatic ring p-substitution), 1514(dOH),Please cite this article in press as: Cero´n-Camacho, R. et al., Solid and liquid supram
istry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.0081445, 1362(dMe), 1246, 1222, 1171, 1108, 966, 908, 831(daromatic
ring), 731.
2.3.16. C12TAC: 4(4-ethyl-phenol), (4c)
1H NMR: 6.97(d, 8H, 3J= 8.6 Hz, o-protons), 6.85(d, 8H,
3J= 8.6 Hz, m-protons), 6.74(s, OH), 3.04–2.98 (m, 2H,
RCH2N
+Me3), 2.95(s, 9H, RN
+Me3), 2.52(q, 8H,
3J= 7.6 Hz, OHPhCH2CH3), 1.45–1.34(m, 2H, RCH2CH2-
N+Me3), 1.25–1.07(m, 30H, alkyl chain), 0.88(t,
3J= 6.8 Hz, 3H, RMe). 13C NMR: 154.23(Cipso), 135.62
(Cpara), 128.75(Cmeta), 115.39(Corto), 66.93(RCH2N
+Me3),
53.18(RN+(CH3)3), 31.93, 30.97, 29.64, 29.52, 29.41, 29.37,
29.17, 27.95(alkyl) 26.00(MeCH2PhOH), 22.99(RCH2CH2-
N+Me3), 22.70(alkyl chain), 15.96(MeCH2PhOH), 14.14
(RMe terminal). IR, ATR (cm1): 3260(mO–H), 3015, 2962,
2925(masymm CH), 2854(msymm CH), 1613–1594(aromatic ring p-
substitution), 1513(dOH), 1486, 1442(dCH2), 1356(dMe), 1217,
1171, 1108, 905, 830(daromatic ring), 731.
2.3.17. C12TAC: (1-naphthol), (1d)
1H NMR: 8.15(dd, 1H, 3J= 6.8 Hz, 4J= 2.8 Hz, H9), 7.69
(dd, 1H, 3J= 6.5 Hz, 4J= 2.7 Hz, H6), 7.41–7.32(m, 2H,
H7-8), 7.25–7.21(m, 3H, H2-4), 5.67(s, OH), 3.07(s, 9H, RN+-
Me3), 3.02–2.97(m, 2H, RCH2N
+Me3), 1.33–0.87(m, 23H,
alkyl chain). 13C NMR: 152.99(C1), 134.68(C5), 127.50(C6),




(CH3)3), 31.95, 29.65, 29.52, 29.40, 29.39, 29.15, 25.99 (alkyl
chain), 22.90(RCH2CH2N
+Me3), 22.73, 14.18(RMe terminal).
IR, ATR (cm1): 3358(mN–C), 3131(mO–H), 3044(masymm=CH),
2954, 2922(masymm CH), 2847(msymm CH), 1943–1740(daromatic
ring), 1666, 1632 1594, 1579(masymm C=C), 1517(dOH), 1487,
1475, 1465, 1456(dCH2), 1417, 1389(dMe), 1299(masymm C–OH),
1277, 1166, 1151, 1081, 1046, 1013, 964, 907, 799, 773.
2.3.18. C12TAC: 2(1-naphthol), (2d)
1H NMR: 8.16(dd, 2H, 3J= 6.6 Hz, 4J= 3.0 Hz, H9), 8.14(s,
OH), 7.69(dd, 2H, 3J= 6.4 Hz, 4J= 2.8 Hz, H6), 7.36(qd,
4H, 3J= 6.8 Hz, 4J= 3.5 Hz, H7-8), 7.27–7.15(m, 6H, H2-
4), 2.79–2.70(m, 11H, RCH2N
+Me3), 1.31–0.75(m, 23H, alkyl
chain). 13C NMR: 152.83(C1), 134.65(C5), 127.52(C6), 126.38




31.94, 29.63, 29.61, 29.44, 29.38, 29.29, 29.01, 25.79(alkyl
chain), 22.76(RCH2CH2N
+Me3), 22.73, 14.19(RMe terminal).
IR, ATR (cm1): 3359(mN–C), 3176(mO–H), 3041(masymm=CH),
2956, 2919(masymm CH), 2851(msymm CH), 1629, 1592, 1577
(masymm C=C), 1517(dOH), 1486, 1466(dCH2), 1383(dMe), 1361,
1276(masymm C–OH), 1167, 1153, 1083, 1043, 1013, 962, 903,
878, 797, 774.
2.3.19. C12TAC: 3(1-naphthol), (3d)
1H NMR: 8.16(dd, 3H, 3J= 7.5 Hz, 4J= 2.2 Hz, H9), 7.69
(dd, 3H, 3J= 6.5 Hz, 4J= 2.9 Hz, H6), 7.40–7.32(m, 6H,
H4, 7–8), 7.26(dd, 3H, 3J= 8.7 Hz, 4J= 4.1 Hz, H3), 7.21–
7.17(m, 6H, H2), 2.53–2.46(m, 11H, RCH2N
+Me3), 1.34–
0.63(m, 23H, alkyl chain). 13C NMR: 152.52(C1), 134.65
(C5), 127.52(C6), 126.32(C7), 126.16(C3), 124.84(C8), 124.72olecular complexes by solid-solid mechanosynthesis. Arabian Journal of Chem-
Solid and liquid supramolecular complexes 9(C10), 121.98(C9), 119.38(C4), 109.01(C2), 66.57(RCH2N
+-
Me3), 52.79(RN
+(CH3)3), 31.94, 29.63, 29.60, 29.43, 29.38,
29.27, 28.94, 25.69(alkyl chain), 22.73(RCH2CH2N
+Me3),
22.61, 14.19(RMe terminal). IR, ATR (cm1): 3166(mO–H),
3052(masymm=CH), 2923(masymm CH), 2853(msymm CH), 1922–
1737(maromatic ring), 1630, 1593, 1578(masymm C=C), 1516(dOH),
1459(dCH2), 1383(dMe), 1361, 1276(masymm C–OH), 1239, 1149,
1084, 1043, 1014, 963, 903, 879, 795, 722.
2.3.20. C12TAC: 4(1-naphthol), (4d)
1H NMR: 8.16(dd, 4H, 3J= 6.5 Hz, 4J= 3.1 Hz, H9), 7.69
(dd, 4H, 3J= 6.3 Hz, 4J= 3.1 Hz, H6), 7.40–7.29(m, 8H,
H7-8), 7.28(d, 4H, 3J= 7.8 Hz, H4), 7.20–7.10(m, 8H, H2-
3), 2.53–2.32(m, 11H, RCH2N
+Me3), 1.34–0.56(m, 23H, alkyl
chain). 13C NMR: 152.29(C1), 134.65(C5), 127.55(C6), 126.26




31.95, 29.64, 29.61, 29.43, 29.39, 29.26, 28.91, 25.63(alkyl
chain), 22.74(RCH2CH2N
+Me3), 22.52, 14.20(RMe terminal).
IR, ATR (cm1): 3024(mO–H), 3051(masymm=CH), 2927(masymm
CH), 2852(msymm CH), 1952–1739(maromatic ring), 1632, 1594,
1578(masymm C=C), 1516(dOH), 1456(dCH2), 1384(dMe), 1361,
1273(masymm C–OH), 1207, 1146, 1082, 1043, 1015, 959, 876,
860, 788, 765.
3. Results and discussion
Depending on the stoichiometric ratio, in our experiments,
phenol derivatives, 1-naphthol and C12TAC by separately
are solids at room temperature. However, upon contact both
solids interact and melt to give rise to a supramolecular com-
pound. Here, the driving forces of the assembly formations are
the supramolecular interactions: hydrogen bond, ion-dipole
and p-cation. In the synthesis of these products, no adding sol-
vent is needed, the formation of product occurs by mechanical
mixing and in some cases it is a spontaneous process and no
by-products are formed.
We have observed that the assembly that takes place, from
the 1:1 ratio, C12TAC:phenol, and produces a solid product.
When the molar ratio is increased to 1:2 or larger, the product
is a gum-like, paste or liquid (Fig. 1). Namely, if the molar
ratio is increased, the liquid state is reached as consequence
of major hydrogen bonds and p-cation interaction is formed.
NMR spectroscopy is widely used to elucidate the existence
of the supramolecular interactions (Pons and Bernardo´, 2002).
It is quite important to mention, that NMR studies were car-
ried out in CDCl3. Under these conditions, is not needed
purification, and the synthesis was carried without solvent
and without by-products formed. We observe a good purity
to determine the formation and characterization of
supramolecular complexes and interactions discussed below
(Mahajan and Singh, 2012; Schoenberger, 2012). 1H, 13C,
and 2D-NOESY experiments show evidences of supramolecu-
lar interactions. In 13C NMR, for pure phenol there exists a
signal at 156 ppm corresponding to ipso-carbon, but when
the complex is formed, this signal is shifted to 157–158 ppm
(Fig. 2A). Also there exist other signal shifts that show the
presence of a p-cation interaction corresponding to phenolic
aromatic ring with the methyl ammonium cation. In this case,
the shifted signals of the aromatic ring appear at 129, 120 andPlease cite this article in press as: Cero´n-Camacho, R. et al., Solid and liquid supram
istry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.008115 ppm with respect to pure phenol. These interactions are
also observed in 1H NMR where the OH signal is shifted to
low field, and the corresponding signal for the methyl groups
of the ammonium cation species, is shifted to high field as con-
sequence of electronic effects of p-cation interaction.
Moreover, the proton spectra (Fig. 2B) show simple signals
that indicate high symmetry in the phenol molecules around
the C12TAC cation. Besides, it is observed the OH signal for
phenol as singlet at 4.95 ppm, and when OH group is interact-
ing through hydrogen bond with chloride ion, the OH signal is
shifted to low field in 6–7 ppm as result of a low electron den-
sity in the proton in the interaction with the chloride ion. On
the other hand, the adjacent methylene signal to the ammo-
nium in C12TAC, is shifted from 3.6 ppm toward high field
by 3.3–2.9 ppm, as a consequence of the high electron dona-
tion coming from the p-cation interaction. In summary, we
have found that the electrostatic effects between C12N
+Me3
and the electronic density of aromatic ring favored the inter-
molecular interactions (Dougherty, 2013; Wheeler and Houk,
2009), which are reinforced by hydrogen bonds to form a
stable structures.
The three-dimensional structures were elucidated by 2D-
NOESY spectra analysis, which show coupling of the aromatic
ring with the methyl ammonium group and the adjacent
methylene (Fig. 3). In accordance with the shifts observed in
1H and 13C NMR spectra, the alkyl chain of the ammonium
salt is lineal and the aromatic ring of the phenol derivatives
interacts with the cationic part of C12TAC. Therefore, the phe-
nolic proton functions as an anion receptor for the chloride ion
forming an ion-dipole pair. All interactions are forming a ser-
ies of simple organic off-the-shelf compounds such as catechol
or other that contain NH and OH groups (Gale, 2011;
Winstanley et al., 2006).
Regarding the other phenol derivatives that exhibit similar
patterns in NMR, similar structures are suggested with OH as
the chloride anion receptor, and the p-cation interactions.
These represent a solid spectroscopic evidence that the solid-
solid mechanosynthesis is directed by supramolecular interac-
tions and gives highly symmetrical structures (Scheme 1).
On the other hand, we have found other pattern with
1-naphthol complexes, although these complexes are liquids
up to 30 C. The geometry conformations are different and
form additional supramolecular interactions. Because of that
in the NMR spectroscopy appears evidence of low symmetry
in the alkyl chain of the ammonium salt, this suggest a
non-linear conformation in the alkyl chain. For this case, the
2D-NOESY experiment exhibits aromatic proton-methyl
ammonium couplings like in the phenol derivatives. Addition-
ally, the terminal methyl from the alkyl chain of C12TAC inter-
acts with methylene groups of the same alkyl chain, giving place
to a ‘‘supramolecular scorpion tail”. The corresponding triplet
of terminal methyl group is shifted to low field. This suggests a
folding of the alkyl chain to the cationic part through van der
Waals and hydrophobic interactions. Only the aromatic ring
of naphthol is symmetrically distributed around of chloride
ion. In Fig. 4 we show the 2D-NOESY spectra.
In order to complement the spectroscopic data, we have
performed molecular modeling, for each molecule and for
the interaction between them in a vacuum environment.
Through Hess´s Law, we carried out calculations of the interac-
tion energy (DE) for phenol derivatives or 1-naphthol vs the
ammonium salt and their 1:1 pairs, using the equationolecular complexes by solid-solid mechanosynthesis. Arabian Journal of Chem-
10 R. Cero´n-Camacho et al.DE ¼ Eassemblies 
PE
raw, where Eraw are the total energies of
individual molecules, and Eassemblies are the resulting energies
after supramolecular complex formation (Table 1) (Pons-
Jime´nez et al., 2015).
From the theoretical analysis, there were obtained all the
structure conformations thermodynamically favored (Table 1).
Also, we show the O–H bond distances, and for raw materials,
the average distance corresponds to 0.98 A˚. When the O–H
group forms a hydrogen bond with chlorine anion, it tends
to elongate the O–H distance up to 1.07 A˚. These results indi-
cate that the most stable conformations are those that were
suggested and are confirmed the supramolecular interactions
by NMR and IR spectroscopies. In Fig. 5 are shown the raw
materials and supramolecular conformations for the 1:1 com-
plexes determined by the theoretical approach.
The assemblies occur at room temperature and the favor-
able energies have been found by molecular modeling (Table 1).
This suggests that the assembly mechanism for the
supramolecular complex formation is mainly by directional
hydrogen bonds O–H  Cl and p-cation interactions as driv-
ing force. To major interactions, paste or liquid state is
favored, and this can explain the change in aggregation state.
In the ratio 1:1 (C12TAC:aromatic) a single hydrogen bond
only exists. Nevertheless, when the hydrogen-bond source
are increased the interaction is doubled and forms two hydro-
gen bonds O–H  Cl  H–C that form a paste. In the same
way the ratios 1:3 or 1:4 increase the number of hydrogen
bonds and also increase the molecular disorder. This results
in complexes with a high molecular disorder level with respect
to pure compounds by separate. In addition, the p-cation
interactions also help to give rise a less viscous liquid. In con-
sequence, this increased molecular disorder is the responsible
for the reduction in the viscosity of solid state.
Kamitori et al. have reported a molecular crystal structure
of dodecyltrimethylammonuim bromide with a p-
phenylphenol derivative (Perdew et al., 1996), and in the other
hand, Shopova et al. with sulfur dioxide (Kamitori et al.,
2006). These structures exhibit interactions similar between
aromatic part and ammonium cation. Additionally, it has been
reported supramolecular interactions of C12TAC with quino-
line, benzothiophene and, 1-naphthol (Pons-Jime´nez et al.,
2015). There, the complexes need a source of ions as host mole-
cules and aromatic molecules as guest in order to form ion-
dipole pairs.
Moreover, we have measured the viscosity of the obtained
liquids. As stated before, in general, when the supramolecular
complexes have a stoichiometry 1:1 (C12TAC:aromatic), the
product is a solid (melt points were not determined because
that’s decomposed). But, if we increase the stoichiometric ratio
up to 1:2, the resultant complex is a paste, and for the 1:3 or
1:4 ratios are gums or liquids at room temperature or up to
30 C for some cases. The viscosities were measured at room
temperature, and they decrease as a function of amount of
aromatic molecule.
Table 2 lists the viscosity values for all the 1:3 and 1:4 com-
plexes. In all cases, the viscosities values of the complexes with
1:4 stoichiometry are lower than any of other complexes.
Thereby, it is possible to establish a relation between the
viscosity and the stoichiometry, or among viscosity and the
hydrogen bonds formed in the complexes. As larger number
of hydrogen bonds and p-cation interactions, lower is thePlease cite this article in press as: Cero´n-Camacho, R. et al., Solid and liquid supram
istry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.08.008viscosity of the products. Also, larger hydrophobic interac-
tions will show a small increment in the viscosity. This will
obey to increment in the alkyl chain of aromatic derivative,
but would have low contribution. Only exists the case of 3d
and corresponds to C12TAC:3(1-naphthol) complex with a vis-
cosity by three magnitude order higher than other supramolec-
ular complexes. This due to the increase in p-p interactions for
three 1-naphthol fragments that conduces to a viscosity higher
than phenol derivatives.
Viscosity results complement the spectroscopy evidence and
molecular modeling. This reveals, which interactions discussed
in this paper appear in the supramolecular structure. In this
way, we can expect a product with some properties changed
such as the aggregation state. And the preparation and forma-
tion of these assemblies take place through mechanical prepara-
tion, which is easy, clean, without solvent and in consequence is
greener synthesis.
4. Conclusions
The mechano-synthesis of a series of supramolecular complexes was
performed easily, cleanly and without produce wastes. Also, we have
showed the evidence of supramolecular interactions by 2D-NOESY
NMR experiments, mainly as hydrogen bonds, ion-dipole pair and
p-cation interactions which are responsible to change the state of
aggregation of the complex. The viscosity is reduced with respect to
that of the pure compounds, as consequence of a high content of these
supramolecular interactions.
The computational studies have shown good accuracy with the
experiments and they are the way to understand how the behavior of
supramolecular interaction gives changes in the aggregation state of
the matter. Therefore, it is necessary develop chemical compounds cap-
able to form these stable structures of supramolecular assemblies,
which allow to explain the mechanism to change the aggregation state
of the matter. This could be the key to design smart molecules with
potential application to specific problems in the life and in the
industry.
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